This research is devoted to study phosphorus removal from Si-Al alloys by vacuum refining of the ternary system of dilute solutions of P in Si-20 wt%Al. The experiments were carried out in an induction furnace and after the refining process, the melt was characterized by ICP-MS technique to trace the concentration change of the volatile elements. The experimental results show that P removal from Si-Al-P melts takes place faster compared to Si-P melts and Al evaporates during the vacuum refining as well. The empirical kinetics of P and Al evaporation is discussed and the apparent activation energy for P and Al evaporation from Si-Al melts is obtained as = E 249.4 kJ·mol P 1 and = E 144.8 kJ·mol Al 1 respectively. Results show that the composition of the melt changes continuously during the refining process due to rapid Al evaporation. In order to investigate the evaporation kinetics of the melt constituents, we developed a numerical approach by applying the Hertz-Knudsen-Langmuir equation for evaporation. This approach can be applied to model the evaporation of the melt constituents in a ternary system whose composition changes during the vacuum refining process. The model is validated with performed experimental results and it can be applied to discuss the effect of temperature, pressure, initial melt composition on the time of vacuum refining. 1994 [44] and well discussions the mechanism of P evaporation from Si
Introduction
Various refining procedures of Silicon (Si) have been investigated widely in recent years due to the application of ultra-high pure silicon for making solar panels [1, 2] . Currently, 0.5% of world energy is produced by means of solar energy, and it is forecasted to produce 32% of the world energy in the year 2070 by solar panels [3] .The statistics show that over 95% of the solar power is now generated by Si solar panels that are expected to be the main solar power producers in future [4] . Thus, low cost and sustainable production of solar grade silicon would be necessary to pave the way for the solar industry growth in the coming decades. Silicon is produced by the carbothermic reduction of quartz (SiO 2 ) in submerged arc furnace [5, 6] . The product of this process is called metallurgical grade silicon (MG-Si) and can have a purity of around 99% [7] . The MG-Si can be refined by the Siemens® and fluidized bed reactor (FBR) methods to much higher purities up to, i.e, 6N-11N [8] . Metallurgical processes can be applied for refining of Si up to the purity of 6N, accompanying with less CO 2 emissions and less energy consumption [9] . Up to now vacuum refining [10] [11] [12] [13] , gas refining [14, 15] , slag refining [16, 17] , solvent refining [18] [19] [20] [21] , leaching [22, 23] , and directional solidification [18] procedures have been studied for refining of Si. These processes are scalable and are applied by the industries to produce SoG-Si such as Elkem® (slag refining and leaching [24] ), Silicor® (Solvent refining and leaching [25] ), and Fer-roglobe® (slag and vacuum [26] ). It is worth to note that phosphorus (P) is one of the most challenging impurities in Si to control since it has detrimental effects on the efficiency of solar panels. In addition, P is a tough element to be removed from Si since it has a large segregation coefficient (0.35) and cannot be removed efficiently by directional solidification method.
Vacuum refining is an efficient technique for the removal of volatile species from the melts and it has been applied for the refining of various alloys like steels [27] [28] [29] , Ni superalloys [30] , aluminum alloys [31] , copper [32, 33] , platinum [34] , and Si [11, 12, [35] [36] [37] [38] [39] .The driving force for vacuum refining is the difference between the vapor pressure of the volatile impurity and that for the molten metal [40] [41] [42] . Thus, vacuum refining would be an effective refining method for removing P from Si due to the considerable difference of the P vapor pressure with the Si vapor pressure [43] . Vacuum refining of Si has been researched since is presented in previous study [43, [45] [46] [47] [48] . The effect of temperature and chamber pressure on the kinetics of P evaporation has been studied [12, 13] and it has been shown that higher temperatures and lower chamber pressures can speed up he P evaporation from Si. Although the effect of other impurities in MG-Si on P removal kinetics have been studied in a few works [49, 50] the vacuum refining of Si alloys with considerable amount of a secondary element, i.e. Al in this study, has not been investigated yet.
This research is devoted to the investigation of the effect of Al addition on vacuum refining of P from Si by performing the vacuum refining on a Si-20Al alloy. It worth to note that Al has higher vapor pressure than Si and it can also be removed by vacuum refining [40, 51] . In addition, Since the melting point of Al (660°C) is lower than the melting point of Si (1414°C), all the melts in the binary system of Si-Al possess lower liquidus point than the melting point of Si. This would make it possible to carry out the vacuum refining process at temperatures even lower than the melting point of Si which can lead to considerable decrease in Si loss.
Experimental procedure
In this research we used of A commercial grade silicon (HQ-Silgrain®) with the purity of 99.76% and Al (99.99 wt%) was used as the initial materials to make Si-20 wt% Al alloy. The experiments were carried out in an induction furnace able to work in both vacuum and Ar gas atmosphere conditions. A schematic representation of the furnace can be found in previous study [43] . In order to make the Si-Al alloy, 172 g of Silgrain® with 43 g of Al (totally 215 g of Si and Al, and the A/ V = 30 m −1 ) was charged into a SiC crucible. The authors have studied the interaction of Si-20 wt% Al with graphite and SiC crucibles in [52] , where it is shown that up to about 70 wt% Al the SiC crucible shows no interaction with Al in the melt while graphite crucible degrades with Al. Thus, the experiments of this research are done in SiC crucibles. In this research The SiC crucible is put into a bigger graphite crucible. During the experiment the temperature was measured by a thermocouple type "C" (T.C.), which was put in an alumina tube, and was located in between the graphite crucible and the SiC crucible. The whole setup was wrapped with graphite wool and mica sheet for safety reasons and put in the copper coil. A schematic of the setup configuration can be found in [43] . Before starting the experiment, the chamber was vacuumed completely and subsequently it was filled by Ar (99.9999%) up to 1000 mbar and vacuumed again. This process was repeated for three times to make sure Ar has purged the chamber and there is no air left in. Subsequently the heating process was started while Ar was flushing to the chamber keeping the pressure around 1040-1050 mbar. The temperature-time profile of the experiment done on the 1500°C is plotted in the Fig. 1 . As we started the heating process temperature rose up and by reaching to the melting point Al, it melted, as shown in Fig. 1b . Subsequently the Si dissolved into the melted Al at higher temperatures. When all the Si was dissolved into the melt and a homogenous melt was formed in the crucible, a sample was taken from the melt by a specific sampling device to characterize the initial concentration of the alloy. Subsequently, the alloy temperature was adjusted on the target temperature (1400°C and 1500°C) and then the chamber was vacuumed. It was observed that the pressure of the chamber decreased to around 1-3 and 4-8 Pa in the experiments done at 1400 and 1500°C, respectively. During the refining process, three samples were taken from the melt with 30 min steps. Each time that we needed to take sample, we had to increase the pressure in the chamber by filling it with Ar, to make it easy to take sample from the melt. This made the crucible cool down and the temperature to decrease. All the sample taken from the alloy were digested in a solution of hydrogen fluoride (HF) and nitric acids (HNO 3 ). After digestion, the liquor was diluted with distilled water and characterized by the Induction coupled plasma mass spectroscopy (ICP-MS, Agilent − 8800 ICP-MS Triple Quad).
Experimental results and discussion
The experimental results and observations of the refining process are presented in Section 3.1. Further discussions about the empirical kinetics of P and Al removal form Si-Al melts is presented the Section 3.2. Table 1 presents the concentrations of P and Al in the Si-Al melt after various steps of vacuum refining. This table shows that after 90 min of the refining process, about 35% and 65% of P is removed from the Si-Al alloy at 1400°C and 1500°C, respectively. Compared with literature works on vacuum refining of Si [10, 13, 43] , this result shows that by alloying Si with Al, it is feasible to effectively remove P from the Si-Al alloy at temperatures even lower than the melting point of Si. In addition, Table 1 shows that Al concentration in the melt decreases by time of the refining process. This table shows after 90 min of vacuum refining 34% and 42.9% of Al evaporates at 1400°C and 1500°C, respectively.
Experimental results

Mass transfer coefficient for P and Al removal
Vacuum evaporation of P from the Si melt has been investigated in [10, 13, 43, 44] , where it is shown that P mainly evaporates from the melt as the monoatomic gas, P (g) . the thermodynamics of Si-P melts are also studied in [53] [54] [55] where it is shown that P (g) , P 2(g) , P 4(g) gases exist in the binary system of Si-P, but at dilute solutions of P (ppm levels) only monoatomic form of the P becomes stable. Miki [53] has shown at 1550°C up to about 50 ppmM of P in Si, the monoatomic form of P is the major gas in equilibrium with Si and if the P concentration exceeds this limit, P 2(g) becomes the major gaseous species in equilibrium with Si melt. In addition to phosphorus, the Al evaporation from Si in vacuum conditions has also investigated in [13] , where it is indicated that the first order kinetic model can be applied on the Al evaporation from Si melt. Therefore, with regard to the previous studies, in order to obtain the rate constant for the P and Al removal from Si-20Al alloy, here we consider the first order kinetic model [56] , which can be expressed as follows:
show the initial and instant concentrations of element i in melt, A and V are the melt surface area and volume, respectively. The k i is called the rate constant of evaporation for element i. By inserting the experimental data presented in Table 1 into Eq. (1) and by plotting the left side of this equation as a function of ( ) t .
A V
, the k i can be obtained as the slope of the plotted curves. Fig. 2a shows the effect of temperature on the kinetics of P removal from the Si-20wt.%Al alloy, and it shows that the first order reaction model fits to the experimental data. It is worth to be mentioned that we tried the kinetic model for 2nd order reactions as well, however, it showed a weak correspondence to the experimental data, and thus same as the Si melt, P and Al removal from Si-20Al alloy is of 1st the order and hence we can consider the evaporation of P and Al from the melt taking place through the following reaction, Fig. 2a shows that by increasing the temperature from 1400°C to 1500°C the slope of the lines fitted to the experimental data becomes steeper and the empirical rate constant k P increases significantly from 2.18 to 5.7 µm s −1 . In order to investigate the dependence of k i to temperature we can apply the Arrhenius equation presented as follows, 
where k i is a constant called frequency factor, E i is the apparent activation energy for the evaporation of the element i, and T denotes the absolute temperature. By plotting the rate constants of P evaporation obtained at various temperatures versus the reversed absolute temperature (T 1 ), the E i and k i can be obtained. The obtained relationship between k ln( ) P and T 1 for P evaporation from Si-Al melt is presented in Fig. 2b . In addition to our experimental data, we applied the data published in the literature [10, 13, 43] to obtain the relation between k ln P and T 1 for P evaporation from Si. Fig. 2b shows that the line belonging to P evaporation from Si-Al alloy is located above the line of P evaporation from Si over a wide range of temperature. This indicates that P evaporation from Si-Al alloy is faster than Si melt. In order to provide a better view about the effect of Al, we should compare the magnitude of the two experimental points that are marked by the arrows in Fig. 2b . Although both experiments are done at the same temperature, k P is 2.6 µm s −1 in the case of Si melt [43] , while it is 5.7 µm s −1 (2.2 times greater) in the case of Si-Al alloy. Table 2 shows the experimental conditions and the calculated E P for P removal from Si and Si-Al melt. As can be seen in Table 3 , the E P for P evaporation is 23.6 kJ mol −1 lower in the case of Si-Al melt. This reveals Al contributes to accelerating the P evaporation by decreasing the E P for P evaporation. The k P for P evaporation from Si and Si-Al melt is also presented in the Table 2 , and can be seen that the k P has decreased from 240.45 to 130.45 for Si and Si-Al melts, respectively. It should be mentioned that the decrease in k P leads the kinetic line for P removal in Fig. 2b to shift down. By considering the kinetic model of 1st order reaction presented in equation (1), it can be concluded that for making the rate constant 2.2 times greater the apparent energy needs to decrease only12.62 kJ. However, Table 2 shows that Al addition to the Si has led the E P to decrease by 23.6 kJ mol −1 , which is more than the theoretical calculations. This shows the positive effect of decreasing E P with Al addition is canceled partially out by the decrease in k P ). The empirical kinetics of Al evaporation from the Si-Al melt is investigated here by using the same method we applied to study the kinetics of P evaporation. Fig. 3a represents the effect of temperature on the kinetics of Al evaporation from Si at 1400 and 1500°C temperatures. Fig. 3a shows that Al evaporation from Si takes place through a 1st order reaction and the rate of Al evaporation increases from 2.28 to 3.8 µm s −1 as the temperature of process is increased from 1400°C to 1500°C. With applying experimental data from literature [13] , the dependence of k Al to temperature can also be plotted in Fig. 3b . This figure shows the results of this research correlate well with the results produced by Shi et al. [13] . It is worth mentioning that the initial content of Al in the research of Shi [13] was around 40 ppmM, while the initial content of Al is 20 wt% in this research. This may show that Al evaporation from Si is independent of Al content of the melt and it occurs through a first order reaction in the both dilute and rich Alcontaining silicon melts. As presented in Table 2 the E Al = 144 kJ mol −1 . A comparison between E Al and E P shows the apparent activation energy for Al evaporation is less than that of P. However, Table 2 shows the refactor parameter for Al evaporation (k Al ) is considerably smaller than that of P (k P ) making the P evaporation faster at higher temperatures and Al evaporation faster at lower pressures. This makes the Al and P to evaporate faster at lower and higher temperatures respectively.
To get a better insight into the Al and P evaporation from Si, we developed the time-temperature (TT) diagrams for evaporation of Al and P from Si and Si-20Al melts presented in Fig. 4 . In order to plot the TT diagrams, we should insert the rate constant relations presented in Table 2 into the following equation:
where x i ' denotes the mass fraction of element i evaporated from the melt. By rearranging the Eq. (5) we can obtain the time for removing x i ' from melt as follows:
where k i T , is the rate constant for evaporation of i from melt at temperature T . Fig. 4 is developed for the removal of 1%, 50%, and 99% P and Al from the melt at various temperatures. A comparison between the P evaporation from Si and Si-20Al alloy in Fig. 4a and b shows that P evaporation takes place faster in the Si-20 wt%Al alloy in all temperatures. The TT diagram for Al evaporation is also presented in Fig. 4c . In order to compare the evaporation of P from Si and Si-20 wt %Al, the 99% removal curves of P are compared in Fig. 4d . This figure shows that the P removal curve has shifted to left in the case of Si-20 wt %Al alloy which indicates on faster kinetics of P removal in Si-20Al. The curve belonging to 99% removal of Al is also plotted in Fig. 4d as well. This figure shows the case of Si-20Al alloy, Al removal takes place minimally faster than P removal at temperatures lower than the melting of Si, but at higher temperatures P removal takes place faster. Considering Fig. 4d , three regions can be separated and discussed as follows:
i. low temperatures: where Al removal is faster than P removal from both Si and Si-20Al alloy. ii. medium temperatures: where P removal from Si-Al melt takes place faster than Al removal. iii. high temperatures: where P removal from Si takes place faster than Al removal from Si-Al melt.
Regarding these three regions discussed on Fig. 4d , it can be concluded that if vacuum refining at low temperature is demanding, not only the Al addition to the Si accelerates the P removal, but also it makes the vacuum refining to be possible at temperatures lower than the melting point of Si. However, if vacuum refining at shorter time is demanding, it is recommended to perform the process at the second region, where the time for Al removal from Si-20 wt%Al is shorter than the time for P removal from Si melt. Table 3 Corresponding equations of the flowchart of the applied numerical method presented in Fig. 9 .
Step orders' in 
Hertz-Knudsen-Langmuir evaporation theory; A thermodynamic model for evaporation
In this section we discuss the evaporation of Al and P from Si by applying the Hertz-Knudsen-Langmuir (HKL) theoretical model of evaporation. Hertz [57] investigated the evaporation of elements in vacuum condition and later, Knudsen and Langmuir [57] contributed to this topic leading to the generation of HKL equation as follows: where N i denotes the molar flux of evaporation for element i from the melt. p i e s . is the equilibrium vapor pressure of element i and p i bp is called the back pressure of i at the melt surface and shows the real partial vapor pressure of the i in the chamber, if there is no pressure profile above the melt. In other words, the p i bp would be almost zero if there is a perfect vacuum condition in the chamber. Thus, the HKL model for evaporation is thermodynamics model which deals with the evaporation from the melt surface and does not consider the diffusion in the melt and diffusion in the gas phase on top of the melt. Further information about HKL equation and its components can be found in [27, [58] [59] [60] . In this paper we discuss two approaches to deal with the HKL equation. First, we start with the Mass balance approach developed by Olette [61] and is discussed in Section 4.1. Consequently, we continue by developing a new numerical stepwise solution approach in Section 4.2.
Mass balance approach to HKL equation
Michel Olette [61] presented the mass balance approach to HKL equation in 1961 for the evaporation of a minor elements from binary metal systems. What makes this method interesting is the possibility to investigate the evaporation of elements relative to each other in the vacuum refining process and independent of time. Here we update and expand this approach for a ternary system of i-j-l constituents with rewriting the HKL Eq. (7) as follows:
where J i is the mass flux of evaporation for element i, the p i e denotes the equilibrium pressure of element i in the gas phase and at the melt surface, which corresponds to the surface concentration of i. In order to obtain p i e , we can apply the relationship of Gibbs free energy change for the evaporation of species i from the melt as follows: 
where m i,0 and m i t , denote the initial mass and the evaporated mass of elements i, j, l until time t, respectively. By inserting Eq. (13) into Eq. (8), the mass flux of evaporation (Eq. (7)) can be re-written as follows: 
In a ternary system of i-j-l if one or more constituents are volatile, the activity coefficient of constituents would be time dependent since i is a function of the concentration of various constituents. Now we can see that there are two terms (p i e and i ) that depend to the molar fraction of element i, hence they would be time dependent which makes it difficult to solve Eq. (8) by the integration method. Here, the mass balance approach developed by Olette [61] can be applied to investigate the evaporation of melt constituents relative to each other, and by writing Eq. (8) for two arbitrary elements i and j and dividing them the following equation can be achieved; ) presents the evaporated fraction of element j. Eq. (19) is independent of time and can be applied to judge about the feasibility of removing of element i from the melt by vacuum refining, and also determine mass losses for reaching target compositions. The important point to emphasize here is that the volatility coefficient, Eq. (12), is a variable during the vacuum refining, while Ollete [61] considered it as a constant. Fig. 4a presents the mass loss of element i as a function of mass loss of element j plotted for various volatility coefficients of i from j ( i j ). Fig. 5a shows that three scenarios can take place in evaporation of i from the melt according to the magnitude of the i j as follows: . the separation of i from j intensifies at higher magnitudes of the i j . This is shown better in Fig. 5b , where the weight loss of the element j (here we consider the j as the constituent that we like to keep it in the melt and should be less volatile compared to i) is plotted as a function of the separation coefficient ( i j ). Fig. 5b shows that for removing a specific amount of species i (e.g. 90%) from the melt, the mass loss of j reduces by increasing the volatility coefficient i j . In addition, it is clear from Fig. 5b that when a greater degree for the removal of i is demanded the curves shift upward indicating that more mass loss of j would happen. It must be mentioned that in the ternary system of i-j-l, with the application of the same method for comparing evaporation of i with j, one can calculate the l j and i l to compare the evaporation of l with j and i with l, respectively.
To outline about removal of P from Si-Al alloy and compare it with P removal from Si alloy, we need to calculate the volatility coefficient of P from Si ( P Si ). The evaporation of P and other volatile species from Si were investigated with this method before in the literature [34, 61] . However, in all the previous studies the melts were considered as infinite dilute solution of i in j (like P in Si). In this case the activity coefficient of i (minor element) could be calculated from the Henry's law (°°x and isconstant 0;
) and the activity coefficient of j could be considered as unity according to Raoult's law (x 1; 1 i i ) during the whole process. That approach works well if a solution shows Henrian or ideal behavior and the activity coefficients of the constituents in the solution are constant. However, when the solution is not dilute and is not Raoultian, the activity coefficient and the molar fraction of the constituents are both changed over time due to the evaporation of the melt constituents with different rates. Thus, in the ternary i-j-l alloy, the elements i, j and l evaporate and this leads to the change of x i , x j and x l in the melt over time. Removal of P from the Si-Al alloy is a good example for this case where the melt composition changes continuously, mainly due to Al evaporation (P concentration change is negligible). This causes correspondingly the changes of the activity coefficients of the melt constituents over time. Fig. 6a Table A1 . Table A1 into Eq. (16) to calculate the volatility coefficients P Si and Al Si . It should be mentioned that the P in Si-Al melts are not studied and the interaction of Al with P ( P Al ) in Si cannot be found in literature, we assumed the P in Si-Al melt to be the same as in Si melt and we applied the results of Zaitsev [54] . By employing Eq. (16), the P Si and Al Si are calculated as a function of Al content in the Si-Al melts and the results are plotted in the Fig. 7 . This figure shows that the curves of P Si and Al Si shift down when the temperature of the process is increased. This is because of the increase of the standard vapor pressure of Si at higher temperatures, meaning more Si evaporation simultaneously with Al and P at higher temperatures. Since the P Si and Al Si can be calculated, the evaporation of P and Al from Si by plotting Eq. (19) can be studied. For this purpose, we applied the equations of P Si and Al Si presented in Table A2 and the results are presented in Fig. 8(a) and (b) . This figure shows that by increasing the temperature both curves of P and Al shift downward, leading to increase the Si loss. Fig. 8 shows that both Al and P evaporate intensively during the refining process, and these curves can be used to calculate the amount of Al and Si loss for the removal of a specific amount of P from the melt.
Now we can insert the information presented in
The mass balance approach presented in this section was expanded for a ternary system, however, it can be expanded for a system consisting of four or more constituents as well. The discussions presented in this section showed that we can investigate the evaporation of melt constituents by comparing their rates of evaporation and we can calculate the amount of solvent loss for removing a specific amount of the solute as is shown in Fig. 5b . However, it is not efficient to predict the time of the vacuum refining process. To further make a more flexible model, including the process time, a numerical approach is done in Section 4.2. 
Numerical approach to HKL model
In this section we present a numerical kinetic approach using the HKL equation and calculate the mass evaporation rate of volatile constituents in the vacuum refining of a ternary system such as molten Si-Al-P melts. Eq. (7) has been applied to investigate the evaporation of an infinitive dilute solution of i from the solvent j, as previously applied for binary systems like Si [10, 62, 63] and copper [27, 32, 33, 58, 64] . In these studies, the chemical evaporation flux is a linear function of the concentration as described previously for P evaporation from the dilute solutions of P in Si-P melt [10] . However, for a ternary system like Si-Al-P whose composition changes during the process, and the activity coefficient of the species are not constant, the chemical evaporation flux is not any more a linear function of the composition. In other word, the former literature work equations can be applied directly to study evaporation from dilute solutions and ideal solutions, while considering the change of the activity coefficient along with composition change is more reliable for wide composition ranges. The un-linear dependence of evaporation flux on composition is actually hidden in i in Eq. (12) and therefore we need to develop a numerical solution for this condition.
For kinetic modeling, we start with the calculation of the equilibrium pressure of the melt's constituents (p p p , ,
Si e Al e P e ) for the initial composition by applying the Eqs. (9) (10) (11) (12) . In the case of Si-Al-P melts, one can find the required thermodynamics data of Al and Si from Fig. 6 and Table A1 . However, since no thermodynamics data about the partial pressure of the P in equilibrium with Si-Al-P melts is found, here we apply the pressure of phosphorus in equilibrium with Si-P melt, which has been experimentally investigated by Zaitsev [54, 65] . It should be mentioned that this assumption could lead to some errors, which are discussed later. As it was mentioned, the back pressure of element i, represents the partial pressure of the i in the chamber and it can be calculated through the following equation:
where p t and the x i v are the total pressure of the chamber and molar fraction of species i in the gas phase, respectively. Assuming no concentration profile in the melt, inserting the Eqs. (20 and 9-12) in Eq.
, we obtain:
Eqs. (21) and (22) indicate that when there is not a perfect vacuum A. Hoseinpur, et al. Separation and Purification Technology 235 (2020) 116284 in the chamber the evaporation flux of element i is lower. The numerical approach that is presented in this section is based on calculating the concentration of the constituents of the melt at any time t regarding to the total evaporated masses of the components from initial time ( = t 0). These total evaporated masses are calculated by discretizing the Eq. (22) in sequences after short interval times from t to + t t and then integration from time zero to time t. A flowchart is presented in Fig. 9 to describe the algorithm of this stepwise solution approach. The corresponding equations of this procedure are presented in Table 3 , and the steps of calculations are summarized as follows: It should be mentioned that by applying this algorithm one can investigate the effect of chamber pressure on evaporation by considering various pressures as p t in Eq. (21) and step g of the flowchart. This kinetic modeling approach is flexible and we can apply it to investigate the effect of various parameters like temperature, chamber pressure, melt geometry, and melt composition on the evaporation of the melt constituents. This was done for vacuum refining of Si-Al-P and Si-P as discussed in the following sections.
Verification of numerical approach to HKL
Effect of pressure and temperature
The P and Al evaporation from the Si-20Al melt at various melt A. Hoseinpur, et al. Separation and Purification Technology 235 (2020) 116284 pressures is calculated by the present numerical model and the results are presented in Fig. 10 . The experimental results presented in Table 1 are also marked on the Fig. 10 as well. This figure shows that the calculated curves fit fairly well with the obtained experimental data. Fig. 10 shows that the highest mass loss for each element takes place at the perfect vacuum condition in the chamber and as the pressure in the chamber increases the weight loss curves shift downwards for both P and Al species. Obviously, the maximum rate and extent of evaporation for each constituent takes place at the perfect vacuum conditions in the chamber where the back pressure is zero. However, in practice, it is not possible to reach perfect vacuum, thus the points of the experimental results must be always at lower position than the theoretical curve for perfect vacuum condition. Fig. 10 shows this expectation for Al evaporation, while in the case of P the experimental data are slightly above the curve of perfect vacuum condition. This may be due to the inaccurate thermodynamic data we considered for equilibrium P pressure calculation in dilute solutions of P in Si-Al-P melts. As we mentioned before, there is no information about the partial pressure of the P in equilibrium with dilute P solutions in Si-Al-P alloy and we used the pressure of P in equilibrium with dilute P solutions in Si-P melts from literature [54, 65] . It should be mentioned that if Al has a positive interaction with the P in Si melt, then the P pressure in Si-Al-P alloy would be greater than P pressure in Si-P melt. Thus, by inputting correct data, the curves related to P evaporation in Fig. 10 shift up toward the experimental results. Fig. 11 depicts the effect of temperature on the evaporation of P and Al calculated by the numerical approach (presented in Figure) to HKL model. This figure shows that temperature has a significant effect on the rate of evaporation for Al and P and they evaporate with a considerably faster kinetics at higher temperatures. Fig. 11 shows the shape of the curves of evaporation changes from linear to parabolic by increasing the temperature from 1400°C to 1600°C.
Effect of initial melt composition
The effect of the initial Al content on the rate of P and Al removal are shown in Fig. 12 , for perfect vacuum condition and at 1500°C. As we see, by increasing the initial Al content the curves for P and Al shift toward higher positions ( Fig. 12a and b ). Comparing Fig. 12(a and b) , we can see higher extents of Al evaporates from melt than P in the same melt compositions. The change of molar fraction of P and Al in the melt (x P m and x Al m respectively) are presented in Fig. 12(c and d) . Fig. 12c shows that the P fraction in the melt decreases by the time of vacuum refining, but x P m shifts to higher positions by increasing the Al content. As shown in Fig. 12 (a and b) , Al evaporation is greater than P evaporation leading the x P m to grow. In addition, Fig. 12c shows when Al content is 60%, the x P m first rises from 0.0018% up to 0.022% in 1800 s of vacuum refining and subsequently drops. Comparing Figs. 12c with d, it reveals that the Al content has decreased from 60% to about 40% within the same time. This means that about 20% of the melt (mainly Al) is evaporated from melt which causes the simultaneous x P m increase. Shifting of x P m to higher positions by the Al is in contract with the experimental results we presented in Fig. 2 , where we showed P removal from Si-20Al melt is greater than Si melt. This can be explained by the mechanisms that Al affects P evaporation as follows:
a. The effect of Al evaporation on the molar fraction of P in the melt (x P m ); it is noticed that Al is a major constituent in the ternary system of Si-Al-P, therefore, as Al leaves the melt, the fraction of other elements would increase in the melt. Considering the Eqs. (7) and (12) , the higher the fraction of species i, the higher the vapor pressure and evaporation flux of i. b. The effect of Al on the vapor pressure of P; the presence of Al in the melt can accelerate the P evaporation if Al had a positive interaction ( P Al ), coefficient with P, which makes the γ P, and consequently the vapor pressure of P to increase. Considering the Eqs. (7) and (12), the higher the vapor pressure of P the higher the evaporation flux of P evaporation. c. Effect of Al on the fluid properties of the melt, like surface tension, viscosity, and diffusion coefficient of P in the Si.
As we mentioned earlier there is no data about the interaction of Al with P in Si melts and the curves developed by the present model are based on the thermodynamic data available for P in Si-P melt, in other word the curves are developed with the assumption that Al has no interaction with P ( = 0 P Al ). As Al is being applied as the impurity getter in the solvent refining of Si, the P Al is expected to (and must) be negative in the solvent refining process. However, the studying temperature and the alloy composition in this research is different with the conditions of solvent refining process and P Al could be different at high temperatures where only liquid phase is stable.
The results presented in the Sections 4.1 to 4.2 showed that vacuum refining can be studied by mass balance model (Section 4.1) or the numerical model (Section 4.2), based on HKL theory. Fig. 13 compares the capabilities of these two models to study vacuum refining process of molten alloys. The mass balance approach (developed by Olette [61] ) is mainly discussing the feasibility of removing a volatile element from the melt, while the numerical approach developed in this work for the case of Si-Al-P system is a more global model and can be applied to investigate the effect of all process parameters chamber pressure, melt geometry, temperature, and refining time of the process.
Conclusions
Experimental results: Vacuum refining of Si-20 wt%Al alloy was investigated experimentally at 1400°C and 1500°C in this research, leading to the following results: Fig. 13 . A comparison between the features of the mass balance approach and the numerical approach to study the vacuum refining process.
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1. Vacuum refining of P is feasible at temperatures lower than the melting point of Si in the Si-Al melts. 2. Phosphorus in dilute solutions could be removed faster from Si-20wt.%Al melts compared to Si melt. 3. An apparent activation energy for P evaporation from Si-Al alloy (E P ) was determined as 249.4 kJ mol −1 , which may indicate that Al addition to the silicon melt reduces the apparent activation energy by 8.64% compared to silicon melt.
Modeling results: The Hertz-Knudsen-Langmuir theory for evaporation was applied to study the simultaneous evaporation of Al and P from the ternary system of Si-Al-P, using a mass balance approach and developing a numerical solution. The results are summarized as follows:
1. The numerical model is more flexible than the mass balance model with flexibility to include the vacuum refining process duration. 2. The applied mass balance approach in this study is applicable to study vacuum refining for all type of solutions in which the volatility coefficient can be a non-linear function of composition. 3. The P evaporation is accelerated with the increase of temperature, and initial Al content of the melt.
4. Al in Si-Al-P melts may have a positive interaction with P. 5. The numerical approach presented in this paper has superiority on the mass balance approach and can be applied to investigate the effect of various parameters such as: time, melt geometry, composition, and temperature.
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